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We report on novel magnetic and electronic properties of SrCosOn that exhibits a unique 
stepwise magnetization and its relevant magnetotransport phenomena investigated by the site- 
selective 59 Co nuclear magnetic resonance (NMR) at zero and applied magnetic fields. This 
compound is composed of three Co sites in the unit cell, i.e., Co(f) in the metallic Kagome 
layer, a Co(2) dimerized pillar between the layers and Co(3) in the triangular lattice. Zero-field 
NMR spectra have revealed that large local moments at the Co(3) sites are magnetically or- 
dered without any trace of bulk magnetization M at zero field. The field-swept NMR spectra 
show that the internal hyperfine field at the Co(l ) site is derived from fully polarized moments 
M s at the Co(3) sites in the "l"-plateau state at fields higher than 2.5 T, whereas it is partially 
cancelled out in the " 1/3" -plateau state in which one-third of M s is induced at intermediate 
fields once a small field is applied. It has been clarified from a microscopic point of view that the 
local moments at Co(3) site undergo a field-induced ferrimagnetic (|||)-to-ferromagnetic (TTT) 
transition. The Co(l) Kagome layer and the dimerized pillar Co(2) site between the layers are 
of nonmagnetic origin, suggesting that the nearly quasi-2D metallic conductivity is dominated 
by nonmagnetic Co(l) and Co(2) sites. Consequently, unique magneto-transport phenomena 
observed in SrCoeOn are demonstrated owing to the interaction between the conduction elec- 
trons at the Co(l) and Co(2) sites and the local moments at Co(3) sites. 
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1. Introduction 

A series of cobalt oxides, triggered by the observation 
of a large thermoelectric effect in Nan.5Co0 2 , 1 has at- 
tracted much attention since the discovery of supercon- 
ductivity at T c -5 K in Na x Co0 2 ■ yH 2 (a: = 0.35, y = 
1.3). 2 This is because it suggests a new route for search- 
ing high-T c superconductivity and also demonstrates the 
richness of the physics of layered transition metal ox- 
ides. This compound consists of two-dimensional C0O2 
layers separated by insulating blocks of Na 1+ and H2O 
molecules, resembling a layered structure of copper oxide 
high-T c superconductors. Because of the octahedral crys- 
tal environment, Co 4+ for two-dimensional C0O2 lay- 
ers is in the low-spin S — 1/2 state. The compound 
Nao.35Co02 • yH 2 is considered to be a system in which 
35% electrons are doped to an S — 1/2 triangular lat- 
tice. Insight from studies of this compound is expected to 
shed light on the mechanism of cuprate superconductors. 
Several experiments have, therefore, been conducted to 
investigate its physical properties and many theoretical 
proposals on the symmetry of superconductivity have 
been put forward. From an other context, the frustration 
effects for magnetic interaction on transport properties 
have attracted much attention on triangular lattices, 1,2 
spinels, 3 Kagome lattices, 4 pyrochlore lattices 5,6 and so 
on. 

Recently, a novel cobalt oxide with the Kagome lattice 



SrCogOn was synthesized using a high-pressure synthe- 
sis technique. This compound consists of three different 
crystallographic cobalt sites (see Fig. 3(a)): edge-sharing 
Co(l)06 octahedra forming a Kagome lattice, face- 
sharing Co(2)20g dimers and trigonal Co(3)C>5 bipyra- 
mids between Kagome layers. Not only the Kagome lat- 
tice of Co(l) but also Co(2) and Co(3) have own tri- 
angular sublattices, making a natural hybrid-frustration 
system. One of the unique features of SrCoeOn is a step- 
wise increase in magnetization, i.e., an application of a 
low magnetic field (H) makes a magnetization increase 
from zero, giving rise to a "1/3" plateau of a fully po- 
larized magnetization up to H = 2.5 T, and a further 
increase in H leads to a fully polarized magnetization 
(called the "1" plateau) at H > 2.5 T. Conductivity 
also shows a stepwise variation, suggesting a close rela- 
tionship between magnetism and transport properties. 7, 8 
The metallic conductivity on the Kagome lattice reminds 
us of a metallic Na-Co-0 triangular compound with frus- 
trated electron spins. 

In this report, we unraveled the origin of novel mag- 
netic and electronic properties of SrCo 6 On by means 
of site-selective 59 Co- nuclear magnetic resonance (NMR) 
and nuclear quadrupole resonance (NQR), focusing on 
the close relationship between magnetism and transport 
properties. 
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Fig. 1. Temperature (T) dependences of the field-swept 59 Co- 
NMR spectra in high fields (a) parallel and (b) perpendicular to 
c-axis, corresponding to "1" plateau state. The spectra are com- 
posed of two superposed sets of resonance signals articulated by 
different nuclear quadrupolar splittings as indicated by the two 
sets of arrows. These are identified to arise from Co(l) and Co(2) 
sitcs(scc text). At low temperatures, we deduce central peaks by 
assuming the same nuclear quadrupolar splittings obtained at 
high temperatures. 



2. Experimental 

Polycrystalline samples of SrCo 6 On were prepared by 
treating an appropriate precursor under high pressure as 
described elsewhere. 7 The samples were predominantly 
oriented to the c-axis in the presence of a magnetic field 
due to a strong Ising-type anisotropy along the c-axis. 
Thus, the NMR measurement in the field perpendicular 
to the c-axis was particularly performed using an ori- 
ented powder sample embedded in stycast 1266. Field- 
swept and frequency-swept NMR and NQR spectra were 
obtained using a conventional phase-coherent-type NMR 
spectrometer. NMR spectroscopy is a powerful tool for 
clarifying the site dependences of the magnetic and elec- 
tronic properties of this compound including three dif- 
ferent Co sites. 

3. Results and discussion 

3.1 High-field NMR analyses ("1" plateau state) 

Figures 1(a) and 1(b) show the temperature (T) de- 
pendences of the field-swept 59 Co- NMR spectra in the 
fields parallel and perpendicular to the c-axis, corre- 
sponding to the " 1" plateau state. The spectra are well 
articulated at high temperatures by a nuclear quadrupo- 
lar splitting, while it becomes broad with decreasing tem- 
perature due to the development of a short-range mag- 
netic correlation. The spectra are composed of two super- 
posed sets of resonance signals articulated by different 
nuclear quadrupolar splittings as displayed by the two 
sets of arrows in the figure: One has nuclear quadrupole 
frequencies of v zz (l) «2.4 MHz and v xx {\) -0.87 MHz 
and its in-plane asymmetric parameter 77(1) = \v xx — 
v yy \/vzz ~ 0.25. The other has v zz (2) «1.24 MHz, 
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Fig. 2. T dependences of ff^f at (a) Co(2) and (b) Co(l) sites. In- 
sets show ff^°' aniso /.ff r es against M ieo ' aalao / H Tea with implicit 
parameter T. The isotropic hyperfine coupling constant is pre- 
dominant for Co (2) sites, whereas the anisotropic one is predom- 
inant for the Co(l) site, suggesting that the former and latter 
are derived from the transferred field and dipole field from the 
magnetic moment of the Co(3) site, respectively. 



v xx {2) -0.67 MHz and 77(2) - 0.08. We assigned the for- 
mer and latter to respective Co(l) and Co(2) sites from 
the following experimental results: (1) The Co(3) site 
was excluded since it had a large magnetic moment (see § 
3.4). (2) Only hyperfine field for the former was cancelled 
out in the " 1/3" state. It occurred only for the Co(l) site, 
taking account of the geometrical configuration and the 
origin of the hyperfine field (see § 3.2). (3) The in-plane 
asymmetric parameter of nuclear quadrupole interaction, 
77, was expected to be larger for the Co(l) site forming 
the Kagome lattice than for the Co(2) site, which was 
suggested by band calculation. 12 

The hyperfine field is obtained using H^' f ah = 59 _ff ro f — 
H^ h , where 59 -ff re f = // 59 7n is a reference field cor- 
responding to H^f h — 0, and H^ h is deduced from 
the resonance field of the central peak when applying 
the fields parallel and perpendicular to the c-axis, re- 



spectively. As shown in Figs. 2(a) and 2(b), H^ h shows 
a strong T dependence, corresponding to that of mag- 
netic susceptibility. The decrease in resistivity around 50 
K observed at H = 5 T 8 is associated with the sup- 
pression of spin-spin scattering due to a possible on- 
set of some ferromagnetic ordering. To analyze the ori- 
gin of the hyperfine field, we extract the isotropic and 
anisotropic parts of H^i given by H™° — (iT£ f + 2iJ^ b )/3 
and H™ iso = (H£ f -H$)/3, respectively. Generally, the 
hyperfine field at Co sites involves orbital and spins con- 
tributions, and is expressed by Hm — K OI bH ICS + A S M, 
where -Korb, A s and M are the orbital component of 
the Knight shift, the spin component of the hyperfine 
coupling constant and the bulk magnetization, respec- 
tively. As shown in the insets of Figs. 2(a) and 2(b), 
H™°' aniso /H ICS are plotted against M iso ' wiso / H Tes 9 with 
an implicit parameter of T. From a linear relation in the 
paramagnetic region at high temperatures, -Korb (2) and 
Af°(2)(Af liso {2)) for the Co(2) site are estimated to be 
~2.7% and —11.2(0.3) kOe//ie per formula unit, respec- 
tively. This suggests that the isotropic hyperfine inter- 
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Fig. 3. (a) Crystal structure of SrCogOn. (b) Schematics of 
cross-sectional view of plane including Co(l), Co(2) and Co(3). 
Spectrum analyses revealed that Co(l) and Co(2) sites are af- 
fected by the respective transferred field and dipole field from 
ferromagnetically ordered moments at the Co(3) site for the " 1" 
plateau state. 



action is predominant in the case of the Co(2) site. The 
small and positive Af°(2) value for the Co(2) site indi- 
cates the presence of the transferred hyperfine field from 
neighboring magnetically ordered moments at the Co(3) 
sites through Co(2) 4s ^0 2p ^Co(3) 3rfT covalent bonding. 
Here, it is expected that the local moment at the bipyra- 
midal Co (3) site is responsible for the magnetic order in 
this compound, as will be shown later. The recent mag- 
netization measurement suggests that the saturated mo- 
ment is approximately corresponding to that Co(3) 
is a high-spin Co 4+ configuration with S — 2. 10 

By the same manner, K ovh (l) and Aj, so (l)(^ niso (l)) 
for the Co(l) site are estimated to be ~3% and ~0(3.4) 
kOc//iB per a formula unit, respectively In this case, the 
anisotropic hyperfine interaction is dominant although 
the isotropic part is negligible. The anisotropic part of 
the hyperfine field usually comes from the dipole interac- 
tion from neighboring local moments. Figure 3(b) shows 
the schematics of the cross-sectional view in the plane 
including the Co(l), Co(2) and Co(3) sites. All of the 
Co(l) sites should be affected by the dipole field from the 
Co(3) site, which is calculated to be ~ 0.8 kOe/piB, tak- 
ing the ferromagnetically aligned neighboring Co(3) into 
account. This value is slightly smaller than the A^ nlso (l) 
estimated experimentally, suggesting that the Ag nlso (l) 
includes the pseudodipole interaction in addition to the 
classical dipole field from the ferromagnetically aligned 
local moment at the Co (3) site. 

3.2 Low- field NMR analyses ("1/3" plateau state) 

The magnetization measurements revealed a stepwise 
increase with increasing H, i.e., one third of fully po- 
larized magnetization M s is induced at an intermediate 
state (called the "1/3" plateau state) once a tiny field 
is applied. When exceeding H =2.5 T, however, the mo- 
ment at the Co (3) site is fully polarized, leading to a 
saturation of magnetization M s called the " 1" plateau 
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Fig. 4. Co-NMR spectra of 4.2K obtained at (a) "1/3" (H < 2.5 
T ) and (b) "1" plateaus (H > 2.5 T ). The dotted vertical lines 
in both spectra commonly point to H^f = 0. (a)The spectrum in 
the "1/3" plateau state consists of a broad peak largely shifted 
from fZhf = arising from the Co(2) site and an additional 
well-articulated peak around H^f = arising from the nonmag- 
netic Co(l) NM site, (c) The Co(l) M and Co(l) NM sites (denoted 
by closed and open circles) are surrounded by ferromagnetically 
and antiferromagnetically coupled moments at two neighboring 
Co(3) sites, respectively. Note that a hyperfine field is canceled 
out at the Co(l) site only for the "1/3" plateau state. 



state. 

Figures 4(a) and 4(b) show the NMR spectra of 4.2 
K obtained at 24.4MHz (H < 2.5 T) and 92.3MHz 
(H ^> 2.5 T) corresponding to fields that exhibit "1/3 
and "1" plateaus, respectively. In the "1" plateau state 
(Fig. 4(b)), the spectra for the Co(2) and Co(l) sites are 
largely affected by the respective transferred hyperfine 
field and dipole field from the Co(3) site, as discussed 
in § 3.1. By contrast, the spectrum in the "1/3" plateau 
state (Fig. 4(a)) was markedly different from that in the 
"1" plateau state: It consists of a broad peak largely 
shifted from H^f = arising from the Co(2) site and an 
additional well-articulated peak around H^t = arising 
from the nonmagnetic Co(l) NM site since its spectrum is 
articulated by the nuclear quadrupole frequency at the 
Co(l) site (z/ zz (l)). The presence of Co(l) NM in the "1/3" 
plateau state suggests that the hyperfine field derived 
from the magnetic moments at the Co(3) site is cancelled 
out because the magnetic moments Co(3) in the vicin- 
ity of Co(l) NM are antiferromagnetically coupled in the 
"1/3" plateau state. Recently, Saito et al. have found the 
magnetic superlattice reflections (a x a x c) in the "1/ 3" 
plateau state by a neutron diffraction study and deter- 
mined a ferrimagnetic structure with (ft I) along the c- 
axis. 10 Therefore, it is plausible that such a ferrimagnetic 
structure is realized by ferromagnetically aligned Co(3) 
local moments within the triangular lattice, as displayed 
in Fig. 4(c). In the "1/3" state, we can speculate the 
presence of magnetic Co(l) M sites between ferromagnet- 
ically coupled Co(3) moments, considering the magnetic 
structure shown in Fig. 4(c). Namely, two-thirds of Co(l) 
sites become nonmagnetic and the remaining one-third 
maintains magnetic state. Although the resonance signal 
of Co(l) M sites cannot be observed clearly in the spec- 
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trum, its spectral shape may be assumed to be the same 
as that observed in the " 1" plateau state as shown in Fig. 
4(a). Here, we note that the hyperfinc field for the Co(2) 
site is not cancelled out in this structural configuration. 

Therefore, it is concluded that Co(3) sites in the tri- 
angular lattice undergo the local moment at the Co(3) 
aligned ferromagnetically in the triangular plane with 
the modulated magnetic structure of (TTI) along the c- 
axis in the "1/3" plateau state to the ferromagnetic (ft?) 
transition in the " 1" plateau state. The stepwise increase 
in M microscopically corroborates the marked change 
in Co(l)-NMR spectral shape at fields below and above 
H = 2.5 T. 

3.3 Transition between "1/3" and "1" plateaus 

To gain further insight into the transition between the 
"1/3" and "1" plateaus, we investigated the field depen- 
dence of the hyperfine field Hm (2) at the Co(2) site at 4.2 
K where the local magnetic moment of Co(3) saturates. 
As seen in Figs. 4(a) and 4(b), H^(2) determined from 
59 H lc f — H vcs varies as a function of H at a fixed tempera- 
ture. Unexpectedly, the local magnetism at the Co(2) site 
does not exhibit any drastic variation around H = 2.5 T, 
irrespective of the stepwise increase in M / as indicated 
in Fig. 5. As discussed in § 3.1, H\ l {{2) is predominantly 
derived from the transferred field from the Co(3) site in 
addition to the orbital contribution induced by the ex- 
ternal field. The observed H dependence of Hm (2) is well 
reproduced by the calculated line evaluated from the re- 
lation H M = K olh (2)H ICS + H s , where K olh (2) ~ 2.7% 
and H s is a spin component of the hyperfinc field. This in- 
dicates that the -ff-dependent component mainly stems 
from the orbital contribution ~ X or b(2)iJ ros , and that 
the spin contribution H s is nearly H- independent. There- 
fore, the local magnetic state of Co(3) does not change 
above and below 2.5 T, keeping a constant saturated mo- 
ment M s = 4/iB- Note that the presence of i?hf(2) of 

1.4 T even at zero field gives evidence that the system 
magnetically orders at H = 0, as estimated from the 
zero-field NMR spectra shown in the next section. It is 
also evident that there exists no spontaneous magnetiza- 
tion at the Co(2) site in both the "1/3" and "1" plateau 
states, and that the stepwise magnetism in this com- 
pound should be attributed to the configuration of the 
magnetic structure of the Co(3) site and not to the size 
of the magnetic moment nor the contribution from the 
other Co sites except Co(3) sites. Thus, both Co(l) and 
Co(2) sites are of nonmagnetic origin, which is consistent 
with the results of the band calculation elucidating that 
a nearly quasi-2D metallic conductivity is dominated by 
nonmagnetic Co(l) and Co(2) sites. 8 

3.4 Possible magnetic ground state at zero external 
field; transition between "0" and "1/3" states 
Each magnetic characteristic at the three cobalt sites 
is identified from the observation of the zero-field(ZF)- 
NMR / NQR spectrum at 1.6 K, as shown in Fig. 6. The 
ZF-NMR spectrum in the high-frequency region around 
209 MHz is considered to arise from the Co(3) site. This 
is because the largest NQR frequency ^ zz (3) ~ 26 MHz 
among the three Co sites is due to the local trigonal sym- 
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Fig. 5. Field dependence of hyperfine field for Co(2) site. Un- 
expectedly, the local magnetization at the Co(2) site H^f(2) 
does not exhibit such a marked variation around 2.5 T where 
a prominent stepwise magnetic transition was found in the uni- 
form magnetization (upper figure 7 ). It is also evident that there 
is no spontaneous magnetization at the Co(2) M site in both the 
"1/3" and "1" plateau states, and that stepwise magnetism in 
this compound should be attributed to the configuration of the 
magnetic structure of the Co(3) site, not to the size of the mag- 
netic moment nor the contribution of the other Co sites except 
Co(3) sites. The closed square is the internal field observed at 
zero external field in Fig. 6. 

metry for the bipyramidal structure at the Co(3) site. 
Here, ^ zz (3) is evaluated from the splitting of the reso- 
nance peaks indicated by arrows in the figure. The hyper- 
fine field -ffhf(3) for Co(3) site is evaluated to be about 
-20.9 T from the relation / r es/ 59 7n- The hyperfine cou- 
pling constant A^f (3) at the Co(3) site is estimated to be 
-5 T//ib by assuming the saturated moment M s ~ 4/xb- 
Here, the sign of A^f (3) is expected to be negative via the 
3d core polarization effect that used to be predominant 
for magnetic transition metal ions. 

When noting that the ZF-NMR spectrum at the Co(3) 
site exhibits no apparent change even though the small 
amount of field is applied to stabilize the "1/3" plateau 
state, the local magnetic nature at the Co(3) site does 
not change in going from the "0" state to the "1/3" state 
with the stepwise increase in M. 

The NQR and ZF-NMR spectra observed below 30 
MHz in Fig. 6 are quite complicated because of the mix- 
ture of nonmagnetic Co(l) NM , the magnetic Co(l) M and 
Co(2) sites. The spectrum from 10 MHz to 18 MHz is 
identified as the Co(2) site because the spectrum is ar- 
ticulated by the nuclear quadrupole splitting of the Co(2) 
site i/ zz (2), and the internal field is estimated to be 1.4 T 
comparable to the field extrapolated value in Fig. 5. As 
indicated in the figure, the hyperfine field for the Co(2) 
site exhibits no marked change in the stepwise increase 
from the "0" state to the "1" state through the "1/3" 
state, since its hyperfinc field is transferred from the lo- 
cal moments at the Co (3) site. This result suggests that 
the local moments at the Co (3) sites of M s — 4/xb exist 
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Fig. 6. Frequency-swept zero-field NMR/NQR spectrum at 1.6K. 
The resonance signal in the high-frequency region around 209 
MHz is assigned to be Co(3) because of the largest NQR splitting 
induced by uq(3) ~26 MHz. The spectra from 10 MHz to 18 
MHz arc identified as the magnetic Co (2) with the transferred 
hypcrfine field of 1.4 T. The remaining peaks found at 10~27 
MHz may have arisen from the magnetic Co(l) M site, which is 
reproduced by u zz (l) 2.4 MHz at an internal field of 1.8 T. 



irrespective of the stepwise magnetization from the "0" 
to " 1" states. The NQR spectrum of Co(l) NM is detected 
below 7 MHz corresponding to the ±5/2 <-> ±7/2 tran- 
sition. The remaining peaks from 10 to 27 MHz are as- 
sumed to be the NMR spectrum for the Co(l) M site, be- 
cause the peaks are approximately separated by v zz (l) ~ 
2.4 MHz. In this case, the internal fields at Co(l) sites is 
1.8 T at 1.6 K, which is slightly larger than the expected 
value extrapolated in the "1/3" plateau state. Further 
measurements, such as those of the field dependence of 
this NQR spectrum and the nuclear spin-lattice relax- 
ation rate measurement, will give a firm evidence of the 
site assignment in the ZF-NMR spectrum and the mag- 
netic structure at zero field. 

Next, we address a possible nature of the magneti- 
cally ordered state in this compound, which is inferred 
from the present ZF-NMR results. The ground state of 
frustrated spins on a triangular lattice with and without 
the magnetic field has attracted intensive interest over 
the years. The spin 5 = 1/2 antifcrromagnctic Ising-likc 
Heisenberg model on a triangular lattice is expected to 
have no uniform magnetization at H = and shows a 
1/3 magnetization plateau. 11 For SrCogOn, however, the 
Co(l) site in the Kagome layer and the dimerized pillar 
Co(2) site between the layers are of nonmagnetic origin, 
suggesting that a nearly quasi-2D metallic conductivity 
is dominated by nonmagnetic Co(l) and Co(2) sites, as 
supported by the band calculation. 8 The unique stepwise 
increase in the M of SrCogOn originates from the large 
local moment at the Co(3) site. Therefore, M—0 at H=0 
suggests that the M=0 state is realized by the cancella- 
tion of macroscopic magnetization due to the domain 
structures of (TTI) an d (lit) along the c-axis, which is 
formed by the ferromagnetically ordered Co(3) triangu- 
lar plane. Further neutron scattering experiment is de- 
sired for determining the magnetic structure at H=0 in 
SrCo 6 On. 



4. Conclusion 

A site-selective 59 Co-NMR study of SrCogOn has re- 
vealed that a unique stepwise increase in magnetization 
stems from the rearrangement of the local moments at 
the trigonal bipyramidal Co(3) site. The Co(l) Kagome 
layer and the dimerized pillar Co(2) site between the lay- 
ers are of nonmagnetic origin, suggesting that the nearly 
quasi-2D metallic conductivity is dominated by nonmag- 
netic Co(l) and Co(2) sites. The transferred hypcrfine 
field is cancelled in two-thirds of Co(l) sites in the "1/3" 
plateau state, whereas all Co(l) sites in the "1" plateau 
state arc affected by ferromagnetically ordered moments 
at Co(3) sites. Co(3) sites in the triangular lattice un- 
dergo a local moment aligned ferromagnetically in the 
triangular plane with the ferrimagnetic structure (TTI) 
along the c-axis in the "1/3" plateau state, which is 
consistent with the evidence obtained from the recent 
neutron diffraction experiment. By applying the field, 
SrCoeOn exhibits a transition to the ferromagnetic (TTT) 
state corresponding to the " 1" plateau state. The large 
local moments at Co (3) sites are demonstrated to be in 
a magnetically ordered state even when M=0 at H=0, 
suggesting the cancellation of the bulk magnetization due 
to a domain structure of the ferrimagnetic state. Con- 
sequently the unique magnetotransport phenomena ob- 
served in SrCogOn are demonstrated due to the inter- 
action between conduction electrons at Co(l) and Co(2) 
sites and local moments at Co(3) sites. 
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